Abstract: Low propagation loss Ge 23 Sb 7 S 70 waveguides (0.56 dB/cm) are fabricated in a wafer scale process. Simulation of a 2 cm long, 1.2 µm wide waveguide with 100 ps/nm/km peak dispersion predicts coherent supercontinuum generation at 1.55 µm pump wavelength. Octave-spanning supercontinuum using a dispersive wave is experimentally demonstrated using picojoule-level energy (26 pJ, 240 fs pulse width, 77 W peak power) pulses.
Introduction
Supercontinuum generation as a way of generating optical frequency combs has gained significant interest in the past two decades with the invention of the f − 2 f self-referencing technique [1, 2] . With the recent advances in optical integrated devices, on-chip supercontinuum generation is one of the key elements to enable low power and portable optical synthesizers [3] . Other applications of supercontinuum sources include spectroscopy, telecommunication and optical coherence tomography [2, 4] , to name a few.
Octave-spanning supercontinua and frequency combs have now been demonstrated in a broad range of materials and wavelength regions. In the mid-IR region, useful for sensing applications, GeAsSe based waveguides have been used to generate supercontinua spanning several octaves [5] . Chalcogenide glass fibers have also been shown to demonstrate broad IR supercontinuum [6] , and recent advances in compositional optimization to tailor bandwidth, dispersion and long term (aging) stability [7, 8] show promise in candidate bulk systems extendable to fibers aimed at reducing the typically high powers needed for fibers due to their large mode sizes.
In the 1 µm-2 µm spectral region, which is of interest because of the readily available and efficient semiconductor sources at 1.55 µm telecommunication wavelength, extensive research on supercontinuum generation has been done on silicon nitride based platforms. Both conventional supercontinuum generation waveguides and optical ring resonators have been demonstrated to generate frequency combs spanning more than one octave [9] [10] [11] with pulse energies on the order of less than 100 pJ and 100 fs pulse widths. The very short pulses required to generate the high peak optical powers to achieve octave spanning combs in both cases are still too high for practical, low power and portable optical synthesizer devices. Recently, coherent and low-power octave-spanning supercontinuum has also been demonstrated in silicon [12] , requiring pumping at longer wavelength (1.8 µm) to overcome the large two-photon absorption of silicon in the C-band.
Chalcogenide glasses were also used to demonstrated supercontinuum generation in the near-IR. As 2 S 3 based waveguides were used to demonstrate low-power supercontinuum generation in the 1 µm-2 µm wavelength range, with a −30 dB bandwidth close to one octave [13] . Some concerns about As-based materials are their toxicity and the photo-darkening effect [14] they exhibit. In this work we fabricate devices using Ge 23 Sb 7 S 70 , which does not oxidize in air and does not show any photodarkening effect unlike other chalcogenides [15] . Octave spanning supercontinuum generation has already been demonstrated in this material [16] .
We report on the fabrication of low-loss Ge 23 Sb 7 S 70 waveguides. By careful engineering of waveguide dispersion, we demonstrate octave-spanning supercontinuum pumped at 1.55 µm with picojoule-level pulse energy. Simulations show that the measured spectrum is coherent at f and 2 f wavelengths.
Fabrication and material properties

Fabrication process
The chalcogenide waveguides are fabricated with a 6" wafer-scale process with DUV lithography at the UC Berkeley Marvell Nanofabrication Laboratory. We start with a silicon wafer with 2.5 µm of thermal oxide as the bottom cladding layer. A silicon nitride spot-size converter layer [17] is then fabricated using either plasma-enhanced chemical vapor deposition (PECVD) silicon nitride and etching, or by the photonic damascene process [18] .
The GeSbS bulk material is fabricated using melt quench technique [19] . It is then thermally evaporated at a rate of 50 nm/min, and the composition of the film was verified by energydispersive X-ray spectroscopy to differ from the bulk material by less than 1 %. Several dry etching chemistries, such as chlorine-and fluorine-based plasmas [20] , can etch effectively GeSbS. In this work, we use a mixture of CHF 3 and O 2 in a reactive ion etcher (RIE) to get smooth and vertical waveguide sidewalls.
A final PECVD SiO 2 cladding layer is deposited on top of the chalcogenide waveguides at 250 • C. The devices are cut using stealth dicing technology, with the coupling waveguide stitched across the dies. Figure 1 shows a cross section of the diced facet, with near vertical sidewalls for the chalcogenide waveguide. After dicing, we apply an anti-reflective coating to the facet by depositing 100 nm of PECVD SiO 2 on the chips. 
Propagation loss and dispersion
We include ring resonator structures in the chalcogenide layer in order to measure the propagation loss and dispersion of the GeSbS waveguides. The finesse of the resonances is used to determine the propagation loss, and the group index (and thus the dispersion) is calculated from the free spectral range. The measured ring resonator has a waveguide width of 1.8 µm and a ring radius of 100 µm. An optical vector analyzer (Luna OVA 5000) is used to scan the C and L band insertion loss over both TE and TM polarizations. Figure 2 shows the dispersion calculated from the ring free spectral ranges for both fundamental TE and TM modes. The simulated dispersion using a finite difference mode solver for a waveguide with the same dimensions (1.8 µm wide rib waveguide) is shown as a reference, with good agreement over the C and L band for both TE and TM modes, indicating that the material dispersion model is accurate. shows an example of a ring resonance with a FWHM of (2.07 ± 0.01) pm, corresponding to a unloaded quality factor of (1.018 ± 0.007) × 10 6 . The extracted propagation loss is (0.398 ± 0.003) dB/cm, similar to previously reported values in the same material [20] [21] [22] . The linear propagation loss of waveguides can also be measured using an OFDR technique [23] . The slope of the backscattered light with respect to distance represents twice the linear attenuation of the waveguide. We used a commercial tool (OVA 5000) to measure 4 cm long, 1.2 µm wide rib waveguides. The measured reflected light is shown on Figure 3(b) . The two major peaks represent the facet reflections. The backscattered signal decreases with a constant slope, meaning that the bending loss is negligible. The extracted propagation loss is (0.56 ± 0.05) dB/cm, which is slightly higher than the measured loss from the ring resonator with 1.8 µm wide waveguide. Fig. 3 . Waveguide propagation loss measured using (a) ring resonator quality factor and (b) OFDR backscattering signal. The quality factor is over 10 6 and the extracted propagation loss is 0.56 dB/cm.
Results
Supercontinuum generation simulation
Efficient supercontinuum generation usually happens when the waveguide operates in the anomalous dispersion regime [24] . We engineered a chalcogenide rib waveguide with a SiO 2 cladding that has a fundamental quasi-TM mode with anomalous dispersion of 100 ps/nm/km at 1.65 µm wavelength. The rib width is 1.2 µm, the rib height is 910 nm, and the slab height is 240 nm. The simulated dispersion for this waveguide is shown in Figure 4 . The blue side and red side zero dispersion wavelengths from the 1.55 µm pump wavelength are respectively 1.35 µm and 2.10 µm. Based on the phase-matching condition at low soliton numbers [25] , the dispersive waves are expected to appear near 1.1 µm and 2.9 µm. The supercontinuum generation in the GeSbS waveguide is simulated using the standard split-step Fourier method. The nonlinear parameters are taken from [15, 22] . Higher-order dispersion, self-steepening and Raman effects are taken into account. The simulated spectrum is shown on Figure 5 (a), using 26 pJ pulses, 240 fs pulse width and 2 cm propagation length. The coherence properties of the supercontinuum are studied by comparing an ensemble of simulated output pulses with quantum limited noise on the input pulse [26] . The resulting |g 12 | coherence is shown on Figure 5(b) , and is near-unity from 1 µm to 3 µm.
Experimental spectrum
A commercial femtosecond erbium-doped fiber laser (Calmar) is used to pump the fabricated waveguides at 1.55 µm wavelength. The laser repetition rate is 25 MHz and the minimum pulse width is 240 fs after amplification and linear compression. The light is coupled in and out the device using lensed fibers, and the generated spectrum is measured using a spectrometer (Ocean Optics NIRQuest, 0.9 µm-2.5 µm). The output spectrum for 3.2 mW average amplified laser power is shown on Figure 5 (a), superimposed on the simulation. The spectrometer noise floor is −40 dBm, and the 2.5 µm long wavelength limit does not permit to see the 2.9 µm dispersive wave predicted by simulation. The measured supercontinuum extends from 1.03 µm to at least 2.08 µm (noise floor limited), which is greater than one octave required for f − 2 f self-referencing, and shows very good agreement with the simulation on the dispersive wave amplitude and wavelength. The minor discrepancies between both spectra can be explained by the assumptions about the Raman gain properties of the material, which were not directly measured. More importantly, considering a typical waveguide coupling loss of (7 ± 1) dB, the experimental waveguide pulse energy is between 20 pJ and 32 pJ, which is commensurate with the 26 pJ pulse energy used in the simulation. Compared to [15] , this work demonstrates an octave-spanning supercontinuum with much lower pulse energy by optimizing the waveguide geometry to generate a dispersive wave at the short wavelength end. Moreover, due to the low pulse energy, the generated supercontinuum shows near-unity coherence in simulation.
Conclusion
We designed and fabricated Ge 23 Sb 7 S 70 rib waveguides for supercontinuum generation. Dispersion is measured using ring resonators and shows good agreement with simulation. The chalcogenide waveguides have a low loss of 0.56 dB/cm measured using OFDR technique. Coherent, octave-spanning supercontinuum is simulated with pulse energies as low as 26 pJ with 240 fs pulse length. The octave-spanning supercontinuum is measured experimentally, spanning from 1.03 µm to at least 2.08 µm. The high nonlinearity of chalcogenide glasses is important in reducing the required pulse energy and peak power as well as relaxing the pulse length required for coherent supercontinuum generation compared to other near-IR low-loss materials such as silicon nitride. Moreover, the large transparency window of chalcogenide glasses compared to silicon permits the use of convenient telecom wavelength femtosecond laser sources, which is critical in developing low power integrated frequency comb sources.
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